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From the central Wisconsin IF0 field site at Wausau, the University of Utah 
Mobile Polarization Lidar and a surface radiation station from the Lamont- 
Doherty Geological Observatory of Columbia University observed two very tenuous 
cirrus clouds on 21 October 1986. The clouds were present just below the height 
of the tropopause (12.78 km MSL), between -60 to -7OOC. The first cloud was not 
detected visually, and is classified as subvisual cirrus. The second, a rela- 
tively narrow cloud band that was probably the remnants of an aircraft contrail, 
can be termed zenith-subvisual since, although it was invisible in the zenith 
direction, it could be discerned when viewed at lower elevation angles and also 
due to strong solar forward-scattering and corona effects. The observations 
provide an opportunity to assess the threshold cloud optical thickness asso- 
ciated with cirrus cloud visibility. 
. Ruby lidar (0.693 pm) backscattered signals were converted to isotropic 
volume backscatter coefficients ( 8 ,  km-I sr"') by applying the pure-molecular 
scattering assumption just below cloud base. 
due to the cloud is then obtained and expressed in relation to the molecular 
backscattering coefficient B, in terms of the scattering ratio R - (6, + Bc)/Bm. 
The linear depolarization ratio 6 - B./B, ,  for the cloud is computed after 
removing the essentially parallel-polarized scattering contributions from air 
molecules. 
thickness T~ through the use of a backscatter-to-extinction ratio k, and the 
concentration of cloud particles using the backscattering gain g, and the effec- 
tive diameter de of the particles obtained from the analysis of solar corona 
photographs. The sizes of the particles generating the corona are related to 
the angular separations between the centers of the red bands and the sun, as 
described in Sassen (19791, yielding diameters of -25 um. The direct and 
diffuse components of shortwave radiation fluxes (0.28-2.8 um), measured by full 
hemispheric pyranometers, were used to compute the nadir optical thickness of 
the total atmosphere Tt. Slight perturbations in the surface fluxes occurred 
during the cirrus passage, and the resultant variations in total optical thick- 
ness were equated with T ~ .  
The backscattering coefficient Bc 
The Bc values are also applied to determining the cloud optical 
Given in Fig. 1 are lidar data in the form of height-versus-time displays 
of the scattering ratio R and linear depolarization ratio 6. To aid in the 
rejection of spurious data dominated by signal noise, 45-m (6  digitized data 
point) averages are used, a threshold of R = 2.5 is employed to define the cloud 
boundaries, and 6 values are computed for R 2 5.0. Both the structure and 
depolarizing properties of the subvisual (1545-1610) and zenith-subvisual (1625- 
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1700) cirrus clouds differ significantly. The former cloud displqys a layered 
structure and low 6 values, while the latter displays a concentric arrangement 
of scattering ratio contours and 6 values more typical of cirrus. The appear- 
ance of the zenith-subvisual cloud is quite similar to that of long-lasting 
aircraft contrails. The weakly scattering layers that straddle the tropopause 
and extend into the lower stratosphere also appear to be composed of ice 
crystals. 
The T~ derived from the lidar and radiometric data are compared in Fig. 2, 
where the time scale of the radiometric data has been offset by 20 min to 
account for the advection time associated with cloud movement (at 16 m s-'1 
between the zenith and solar elevation angles. (Note that local noon occurred 
at 1645 GMT). The two passive data records reflect the uncertainty in determin- 
ing a %loudlessrt optical thickness from the total atmospheric T. The range of 
lidar-derived -rC data values corresponds to the 0.05-0.10 range of k values 
considered appropriate for simple cirrus cloud particles. Although the cloud 
properties could be expected to display spatial and temporal variations, it is 
clear that both analysis methods yield comparable T~ values. 
sizes of the cloud particles, which are relatively large in comparison to 
visible light wavelengths, differences between the broadband shortwave radio- 
metric and monochromatic lidar data should not be significant. 
Given the inferred 
Inferences about the microphysical composition of the zenith-subvisual 
cirrus cloud band can be drawn from combined photographic and lidar observa- 
tions. Although the solar corona analysis reveals that the cloud particles must 
have been near-spherical and -25 pm in diameter, the degree of lidar linear 
depolarization (Fig. 1 ) is consistent with hexagonal ice crystals, indicating 
that the thick-plate ice crystal habit (with axial ratios close to unity) was 
dominant. On the other hand, the subvisual cirrus probed prior to 1610 dis- 
played much lower 6 values and no optical phenomena, indicating differences in 
particle shapes and sizes. 
microphysical quantities in terms of mean and maximum values for the subvisual 
and zenith-subvisual cirrus observation periods. 
sponds to the average of the two curves in Fig. 2, and the lidar data are 
derived for k - 0.075 and g - 0.01. The vertical depth of the cloud Az is 
defined with respect to R 2 2 . 5 ,  and Ni and Mi represent the concentrations and 
ice mass contents of the clouds based on the 25 particle diameter estimate. 
In general, the microphysical properties of the zenith-subvisual cirrus are 
rather similar to those of an aircraft-sampled subvisual tropical cirrus 
(Heymsfield, 1986). 
Compiled in Table 1 are the derived optical and 
The surface flux T~ corre- 
With regard to the zenith-subvisual cloud, which is of primary interest, a 
T~ .. 0.03 value can be assigned as a threshold optical thickness for subvfsual- 
versus-visual cirrus. 
by Platt et al. (1987) for a cirrus that was visible but very hazy in appear- 
ance. 
subvisual cirrus could have an impact on radiation transfer that is similar to 
the effects produced by the stronger episodes of stratospheric aerosol loading 
from volcanic eruptions or polar stratospheric clouds. Moreover, recent 
Stratospheric Aerosol and Cas Experiment (SAGE) satellite findings (Woodbury and 
McCormick, 1986) indicate that a category of optically thin cirrus, displaying 
extinction values at 1.0 vm between 8~10'~ to 8x10-' km" , is fairly widespread 
on a global average. This extinction range is comparable to that obtained from 
This value compares favorably with the T~ - 0.06 reported 
With regard to the T~ - 0.03 threshold value, it would appear that 
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the 8, coefficients for our subvisual cirrus, suggesting that subvisual cirrus 
may represent a relatively significant component in the radiation balance of the 
ear th-a tmospher e system. 
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Table 1 .  Mean and maximum (45 m-average) optical and microphysical properties 
for subvisual and zenith-subvisual cirrus derived from ruby lidar 
(0.694 um) and surface shortwave (0.28-2.8 um) flux data. 
Surface 
Flux Lidar Photographic + Lidar 
pm g'1 mg m-3 
-
TC R BC Az 6 de N Mi 
(km sr1-l km 
TC 
Subvisual Cirrus 
-- --- --- Mean 0.011 0.007 5.2 5.8x10-" 0.77 0.19 
Maxi mum 0.016 0.009 11.3 1.5~10" 1.00 ---- -- --- --- 
Zenith-Subvisual Cirrus 
Mean 0.014 0.015 1 1 . 1  1 . 4 ~ 1 0 ' ~  0.65 0.35 25 25 0.2 
Maxi mum 0.030 0.026 45.1 6 . 4 ~ 1 0 "  0.95 ---- 25 110 0.9 
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F i g .  1 Height-time disptays of lidar scattsrhzg ratio R (top) and tinear 
depotariaation rat io  6 (bottom) for the eubvisua~ (pr ior  to  1615). 
and asnith-subvisuat d r r u e  clouds located just  beta,  the tropopause 
( l ine  a t  12.78 km). 
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Fig. 2 Comparison of oloud optical thicknesses tC derived from lidar (bars 
fo r  eaoh shot) and surfaos shorktavs radiation flux (continuoue tine8, 
for b o  approaches) during the passage of the cirrus. 
segments correspond to  a 9 min gap i n  the radiation records. 
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